This study deals with the life cycle of bow echo events on October 24 and [26] [27] 2006, from Doppler weather radar (DWR) observations supported by Radiosonde and National Centers for Environmental Prediction (NCEP). The cell bow echo (CBE) on October 24 evolved from two small isolated cells with radar reflectivity ≥40 dBZ. The vertical structure consists of one single mature cell with 20 dBZ echoes reaching up to 10 km while 40 dBZ echoes extended uniformly from ground to ∼5 km height. The radial velocity shows a high value >−15 m/s towards the radar at the upper height (about 6 to 11 km); the lower height is predominant with velocity away from the radar (about 5 to 15 m/s). The squall line bow echo on October 26 and 27 has its origin over ocean and moved towards the radar site and decayed thereafter. The radar reflectivity pattern for this squall line showed it to be a trailing stratiform type squall line with length of ∼200 km. The echo top height was more than 12 km in height. Strong inflow cases were observed from both radiosonde and radar.
Introduction
The life cycle of mesoscale convective systems (MCSs) can be studied with the help of on-board IR and microwave sensors as well as ground based Doppler weather radar (DWR) [1] . Though the geostationary IR data is very useful for the study of evolution of MCSs because of its large areal coverage, it can give only the cloud top information but unable to give details inside of the system. On the other hand, DWR can give much better information of the MCS but their coverage is limited, where the reliable observation >200 km is restricted due to the refraction of the transmitted signal. The passive microwave radiometer cannot be used for the study of the evolution of MCSs as these are carried by polar satellite with low repetition. A multisensor approach is useful approach to study the multifaceted characteristics of MCSs. Till date many of the studies of MCSs are performed with the help of both active and passive sensors: evolution (e.g., [2] [3] [4] [5] [6] ), size and structure [7, 8] , and reflectivity structures (e.g., [9] [10] [11] [12] ).
The severe weather events are mostly associated with the organized MCSs such as bow echoes and squall lines. Bow echoes were named and described in detail by Fujita [13] . A bow echo is defined as a nontransient bow or crescent shaped radar signature with a high reflectivity gradient on the convex edge. Most of the time, they are associated with severe weather. According to Fujita [13] the bow echo commonly evolves from either a single convective cell or a line of cells. Klimowsky et al. [14, 15] studied the early evolution of bow echoes from radar observations. They observed three initial modes of formation of bow echoes: (i) weakly organized cells, (ii) squall line, and (iii) super cells. Form 273 bow echo events they found that about 45% (122 cases) of the bow echoes evolved from weakly organized cells while 40% evolved from squall line. Only 15% of the bow echoes were supercell initiated. The cell bow echo (CBE) category proposed by [16, 17] occurs on very small scales (∼10-25 km in length). Occasionally, a cell bow echo (CBE) developed from an isolated cell without any apparent outside interaction 2 International Journal of Atmospheric Sciences [16] [17] [18] . Studies on bow echoes outside the US in different environments are still limited, with only a few exceptions (e.g., [19] [20] [21] [22] [23] [24] ).
The present study deals with the study of the organized MCSs such as "Bow Echoes" with the help of ground based DWR and Radiosonde observations over the Indian region. The observations from these sensors are supplemented by National Centers for Environmental Prediction (NCEP) reanalyzed data and ground based rainfall data from 3B42 (V6) data product of Tropical Rainfall Measuring Mission (TRMM) over the study area. In this study the evolution and life cycles of two different bow echo events on October 24 and 26-27, 2006, are considered.
System Description and Data Used
For the present study, the observations from DWR at Satish Dhawan Space Centre (SDSC), Sriharikota (13.66 ∘ N and 80.23 ∘ E), India, are utilized. This DWR operates in S-band (2.8 GHz frequency/10 cm wavelength) and is normally configured as a fixed station. DWR consists of a high power coherent transmitter, a pencil beam antenna with 1 ∘ width, and very low side lobe levels. It is steerable in azimuth and elevation. The digital signal processor extracts the three essential base products, namely, reflectivity ( ), radial velocity ( ), and spectral width ( ) of hydrometeors from the log/linear channels of the receiver. The Radiosonde observations are taken from the University of Wyoming website. The wind data are taken from the NCEP reanalyzed data and ground based rainfall data are from 3B42 (V6) data product of TRMM over the study area. October 24, 2006 . The life cycle of the cell bow echo (CBE) is studied with the reflectivity and radial velocity data from the DWR. The PPI plots of reflectivity at different instances of time are shown in Figures 1(a)-1(e) . This particular CBE evolved from two small isolated cells with reflectivity ≥ 40 dBZ as shown by the PPI plot of reflectivity at 0.5 ∘ at 12:47 UTC (Figure 1(a) ). These cells moved (South-West direction) towards each other form the radar site (Figure 1(b) ). At 13:09 UTC a CBE formed (Figure 1(c) ) that persisted till 13:13 UTC. The next scan at 13:30 UTC showed the decaying of the CBE and then lost its bow shape as can be observed from low reflectivity from the DWR observation. The decaying stage of the CBE did not show the comma shaped echo but instead it ended up with some unorganized shape as can be seen (Figure 1(e) ). This particular CBE was short lived (life time < 1 h). Figures 2(a) and 2(b) show the vertical cross section of the reflectivity and radial velocity, respectively, through the CBE, along azimuth number 223. The vertical structure consists of one single matured cell with 20 dBZ echoes reaching up to 10 km while 40 dBZ echoes extended uniformly from ground to ∼5 km height. The interesting point to be noted here is the echo overhang of reflectivity > 30 dBZ, which is a prominent feature of the early matured stage of CBE [18] , observed rear of the convective core (Figure 2(a) ). The radial velocity was quite high with value >−15 m/s towards the radar at the upper height (about 6 to 11 km) and the lower height is predominant with velocity away from the radar (about 5 to 15 m/s) ( Figure 2(b) ). This pair of opposite direction of velocity might be responsible for the bow or bulge shape of the radar echo [18] . Below the echo overhang negative radial velocity was noticed that might be the indicative of updraft in that region and positive radial velocity at upper level near 40 km suggests the up-shear tilt of the updraft [18] . After the evolution it starts moving towards the radar site. The radar reflectivity pattern for this squall line showed that it was TS type squall lines as can be seen from the figure where stratiform region is trailing the convective region [25] . The length of the squall line was ∼200 km. A closer look at the To see how the system varied in terms of reflectivity, as a whole, with time, the Contour Frequency Altitude Diagram (CFAD) has been constructed for four hours when the system was inside the 200 km radius from the radar site (Figures 4(a) , 4(b), 4(c), and 4(d)). The bin size considered in this study is 4 dBZ; that is, while plotting frequency of the reflectivity the interval considered is 4 dBZ. UTC. Figure 5(a) shows the three regions of the squall line: convective, transition, and stratiform which are very much distinct in the height profiles of reflectivity. The stratiform region is identified with the help of bright band at around 5.0 km and for convective region reflectivity height is found to be > 6.0 km. The transition region is in between the convective and stratiform regimes. A distinct rear inflow jet (RIJ) can be noticed with radial velocity of value more than −10 m/s ( Figure 5(b) ). A moderately strong front-to-rear (FTR) velocity can also be seen in the opposite direction of RIJ. The RIJ and FTR were found to be the strongest over the transition region. The RIJ started from ∼6 km height and entered to the base of the convective cell. DWR observations were started from 0.5 ∘ elevation. Thus due to the curvature effect, lower height data was not available. The persistence bow shape of the squall line may be related to the rear inflow jet (RIJ). The wind pattern on October 27 at 00 UTC, as observed from NCEP data, shows a line of confluence at 850 mb where there are two low level jets (LLJ) at 850 mb level: one from the South-West direction and the other one from a easterly jet occurred ( Figure 6 ). Strong convergence of wind occurred from the two jets at that level that supplied enough moister to make it a long-lived system [26] . The squall line bow echo hits the Chennai sounding station (13.00 ∘ N, 80.18 ∘ E) at 5:37:13 UTC. Sounding observation taken at 00 UTC, before the arrival of the squall line bow echoes, showed an unstable atmosphere with being mostly moist at all levels (Figure 7(a) ). The large CAPE value (1714 J/kg) and low CIN value (0 J/kg) designated the approaching squall line bow echo. The low level wind shear (0-3 km) was found to be ∼15 m/s. A temperature inversion occurs with colder air below and warmer air above (Figure 7(a) ). While investigating the sounding observation in the post-squall, Zipser [27] observed an onion or diamond shape structure of the temperature and dew point curves. Sounding at Madras station at 12 UTC after the passage of the squall line shows similar structure in the sounding (Figure 7(b) ).
Case Study

Life Cycle Study of Cell Bow Echo (CBE) with the Help of Ground Based DWR: A Case Study on
Life Cycle Study of Squall Line Bow Echo (SLBE) with the Help of Ground
The spatial distribution of total rainfall accumulation between 18 UTC on October 26 and 06 UTC October 27, 2006, as observed from the combined instrument rain calibration algorithm (3B-42, version 6) is shown in (Figure 8 ). The grid resolution is 0.25 × 0.25 degrees. This is an optimal combination of 2B-31 (TRMM), 2A-12 (TRMM), SSMI, AMSR, and AMSU precipitation estimates to adjust IR estimates from geostationary IR observations. The bow shape of the squall line can also be depicted from the rain structure. Rain accumulation of greater than 130 mm can be seen at around 12 ∘ N and 80 ∘ E.
Results and Discussion
Life cycles of CBE and SLBE are studied with the DWR observations. Vertical pattern of reflectivity and radial velocity showed tilting of the system as observed by Jorgensen et al. 1997 for a tropical squall line bow echo. Prominent 30 dBZ echo overhang was observed rear of the convective core. This CBE had different characteristics compared to the CBE studied by Lee et al. [16, 17] . The CBE studied here formed from two isolated cells in contrast to the single cell evolution of CBE which has studied. It is noteworthy, however, to mention that this is a preliminary study compared to the more detailed and complete study of Lee et al. [16, 17] . The kinematics of the squall line bow echoes are studied with the help of radial velocity from DWR. The role of RIJ and FTR for the formation of bow shape of the squall line has been shown. The RIJ and FTR flow are most intriguing feature of squall line bow echo [9] . The RIJ is a layer of low thetae air that enters the MCS from the rear below the trailing anvil cloud of the stratiform region and descends towards the leading convective line. Theta-e (or equivalent potential temperature) is the temperature a parcel of air would have if it were lifted until it became saturated, all water vapor was condensed out, and it was returned adiabatically (i.e., without transfer of heat or mass) to a pressure of 1000 millibars. The RIJ plays a crucial role in supplying potentially cool and dry midlevel air to aid in the production of convective and system-scale downdrafts. Weisman [28] in his study showed descending RIJ flow is often associated with a decaying system, whereby the gust-front lifting is not strong or deep enough to regenerate new convective cells and the mesoscale circulation slowly weakens. The FTR flow is an opposing current of system relative flow which flows above the RIJ. The ascending front-to-rear flow in the stratiform region is important in both qualitative and quantitative study since its horizontal component spreads the ice particle out into the region of stratiform region and helps in forming the bright band and its vertical component supplies the moisture for the growth by vapor deposition of the ice particle. Strong inflow cases were observed both from Radiosonde as well as from Doppler weather radar (DWR) [9] . On the contrary Knupp et al. [29] showed locally evolved stratiform region for a small vigorous MCS in low-shear environment but not through the rearward advection of ice particle from the leading convective line. Their analysis of radar reflectivity revealed in situ formation of stratiform region in the presence of weak mesoscale updraft as decaying convective cores collapsed.
Conclusion
From the case study of the CBE and SLBE it is found that bow echoes are associated with severe weather and high rain over the ground. The developed systems are associated with very high reflectivity up to higher heights (40 dBZ echo heights are found up to 6 km) and weak echo region. Weak echo regions are the region of strong updrafts without hydrometeor [30] . The favorable synoptic condition for the organized MCS over peninsular India is mainly the strong southerly wind (from Bay of Bengal), strong vertical velocity, and large CAPE values. Bow echo are associated with high amount of ground rainfall. The cell bow echo is found to be short lived (<1 hr)
International Journal of Atmospheric Sciences and squall line bow echoes are found to be long lived (6 hrs). The bow echoes are found to be associated with strong RIJ and FTR as observed by radial velocity measurements from DWR.
The life cycle study of CBE over the Indian region shows that it was formed from two isolated cells and was short lived. On the other hand the SLBE in this region formed in an environment of less low level wind shear as compared to the strong wind shear in case of midlatitude bow echoes. These are the main findings of this preliminary case study about the CBE and SLBE over the Indian region. This study is probably the first of its kind over this region. Further study will be concentrated on their occurrences and climatological aspects.
